The epidemiology of hepatitis C virus varies widely across geographical regions and ethnic groups. Our previous study showed that 6 strains isolated from Baisha County, Hainan Island, China, were all new genotype 6 (gt6) subtypes which differed significantly from subtypes of other regions. In the current study, we conducted a comprehensive epidemiological survey of HCV in the Li ethnic group, native to Baisha County. Anti-HCV antibodies were detected by 2 independent ELISAs in all participants, and positive results confirmed by the recombinant immunoblot assay (RIBA) and HCV RNA viral loads were measured. Univariate chi-square test and multivariable logistic regression analyses were used to determine the risk factors for HCV infection and spontaneous clearance rates. Indeterminate RIBA results were excluded or included in analyses; consequently, findings were expressed as a range. Direct sequencing of partial regions within NS5B and E1 was employed for genotyping.
| INTRODUC TI ON
Hepatitis C virus (HCV) is a blood-borne virus that is a major cause of en.nhfpc.gov.cn/). Currently, there is no vaccine against HCV. Even though new direct-acting antivirals (DAAs) can achieve high sustained virology response (SVR) rates, they are extremely costly and emerging resistance-associated variants (RAVs) have been linked to DAA treatment. [4] [5] [6] [7] Prevention of new infections is therefore considered the most cost-effective policy to reduce overall HCV prevalence in China. 8 The prevalence of HCV is distributed unevenly in different regions of China and among different populations. Very high rates of HCV infection were often found in men who have sex with men (MSM) and in human immunodeficiency virus (HIV)-infected people in recent years. 9,10 Also, high HCV infection prevalence is often found in some remote regions of the country. For example, HCV prevalence was as much as 9.6% in Linxian, a rural community in Henan Province of China. 11 As reported, HCV is most frequently transmitted by certain medical and nonmedical procedures. [12] [13] [14] [15] Understanding the prevalence and risk factors for HCV infection in regions with high prevalence could effectively prevent virus transmission to other geographical areas. Following initial exposure to HCV, two outcomes can occur, either chronic infection or spontaneous clearance of the virus, which occurs in 15%-40% of the cases. [16] [17] [18] Due to the fact that symptoms occur in only ~15% of HCV-infected patients, 19 the clearance rate may be underestimated.
HCV has been classified into 7 genotypes(gt) according to genetic variation. Generally, gt1, gt2 and gt3 are distributed globally, gt4 is prevalent in Middle Eastern countries, gt5 is restricted to the northern part of South Africa, 20 and gt6 is endemic in South-East Asia and south China. [21] [22] [23] [24] Previously, we conducted a comprehensive study 25 and found that HCV gt6a has become the second most prevalent subtype on Hainan Island. Other than HCV gt6a, we also identified 6 novel unassigned gt6 variants, all of which were discovered in the Li ethnic within Baisha County, Hainan Island. 26 Baisha County is located in a mountainous area on Hainan Island and most native residents belong to the Li ethnic minority that is derived from a subgroup of Austronesians who are descended from the aborigines of the Neolithic Age. In order to understand whether the novel gt6 unassigned variants were an unusual phenomenon, we designed this study to understand the epidemiology of HCV infection in the Hainan Li ethnic community.
Such information could help improve strategies for HCV prevention and control in this county and potentially avoid transmission to other regions of Hainan Island. Moreover, it could give insight into the evolution of gt6 in the Li ethnic group. Helsinki. All study subjects signed an informed consent.
| MATERIAL AND ME THODS

| Survey cohort
| Anti-HCV assays and HCV RNA detection
The 1682 plasma specimens were tested for HCV antibody using two independent HCV enzyme-linked immunosorbent assays (ELISA) (Shanghai Kehua, China, and Ortho HCV 3.0 ELISA, Ortho-Clinical Diagnostics, Inc, USA). HCV RNA levels were tested by quantitative real-time polymerase chain reaction (qPCR) (Diagnostic Kit for
Quantification of Hepatitis C virus RNA, Da An Gene Co, Ltd. of Sun Yat-Sen University, China) and the limit of detection (LOD) was 50 IU/ ml. The presence of HCV antibody was further confirmed by RIBA-HCV BLOT 3.0 (MP Biomedicals Asia Pacific Pte. Ltd., Singapore). The RIBA-HCV BLOT 3.0 assay utilizes well-defined antigens derived from HCV immunodominant proteins from core, NS3 helicase, NS4 and NS5 regions. Band reactivity was graded by visual calibration against the human immunoglobulin (IgG) control band (1+) and anti-IgG control band (3+). A sample was considered positive when at least two HCV bands had a reactivity of ≥1 or a single core band had reactivity of ≥2. Indeterminate results were defined when only a single band had a reactivity (except core reactivity of ≥2), and a result was considered negative when no single HCV antigen line had a reactivity of ≥1.
| Sequence determination
HCV sequences from the E1 region (nucleotide [nt] 729 to 1322 according to the numbering of the H77 genome) and NS5B region (nt 8256 to 8641) were amplified following previously described protocols. 22 Briefly, viral RNA was extracted using a QIAamp Viral RNA 
| Phylogenetic analysis
Phylogenetic analysis was performed using MEGA 7.0. The maximum likelihood approach (using the general time-reversible model and gamma distributed with invariant site (G+I) rate) with 500 iterations of bootstrap sampling was performed. HCV genotype reference sequences were retrieved from the HCV database (http://hcv.lanl.gov/content/ sequence/HCV/ToolsOutline.html). Reference sequences in the phylogenetic analysis were chosen according to consistent criteria, 27 and HCV gt6 unassigned sequences were included (detailed information is shown in Table S1 ). The significance of the tree topology was evaluated using the distance program (method: p-distance) implemented in MEGA 7.0. Bootstrap values of >70% were considered significant.
| Statistical analysis
The chi-square test and multivariate logistic regression analyses were applied to determine the predictors of anti-HCV positivity.
Measurement data were expressed as the mean ± standard deviation (SD) and compared using the two-sample t test, where appropriate. P < 0.05 was considered statistically significant. All statistical analyses were performed with SPSS Statistics for Windows, version 19.0 (IBM Corp., Armonk, New York).
| Nucleotide sequence accession numbers
The nucleotide sequences reported in this study were deposited in GenBank with the following accession numbers:
MH298078-MH298132 and MH298133-MH298190.
| RE SULTS
| HCV infection in the Baisha Li minority
Samples from the 1682 Baisha Li subjects were tested for HCV an- We determined that positivity in both the HCV RNA test and 2 in- with NS4 antigen and 12(14.0%) with NS5 antigen (Table S2) .
| Risk factors for hepatitis C
The prevalence of HCV infection did not differ significantly by univariate analysis based on gender, transfusions, alcohol consumption, piercings, acupuncture, familial HCV infections or dental procedures, but did vary significantly for tattooing, surgery and age ≥60 years, both including and excluding the RIBA-indeterminate samples (Tables 3 and 4 ). The results obtained by including or excluding RIBA-indeterminate samples from the analysis were similar; only the inclusion group is shown below and details for the exclusion group are given in Table 4 . In the anti-HCV (+) group, there were more persons who had been tattooed and undergone surgery than in the anti-HCV (−) group (OR = 2.82, 95% CI 1.78-4.46, P < 0.01; OR = 4.05, 95% CI 2.18-7.51, P < 0.01, overall chisquare test). We also found that individuals aged ≥60 years had a significantly higher prevalence of HCV infection than people aged <60 years (OR = 0.02, 95% CI 0.01-0.05, P < 0.01, chi-square test) (Table 3) . Multivariate logistic regression analysis revealed that an age ≥60 years (OR = 0.02, 95% CI 0.01-0.05, P < 0.01) and surgery (OR = 2.75, 95% CI 1.36-5.57, P < 0.01) were the significant predictors of anti-HCV positivity (Table 3) with the confounders adjusted. In addition, we found that there was no significant difference between HCV spontaneous clearance and HCV persistent infection for risk factors including gender and age, as well as history of transfusion, alcohol consumption, tattooing, surgery, piercings, acupuncture, a family history of HCV and dental operations (Table S3 ). There was also no significant difference in the relative prevalence of persistent and recovered HCV infection according to gender, either excluding or including the RIBA-indeterminate results (Table S4 ).
| Molecular characterization of Baisha HCV strains
In order to determine the HCV genotype/subtype distribution in the study subjects, we amplified and sequenced the 67 HCV We also analysed E1 sequences using the same methodology as that for NS5B. The phylogenetic tree inferred by E1 sequences ( Figure 2 ) had a similar topology to the NS5B phylogenetic tree. All the E1 sequences in the current study also did not clearly cluster with any of the currently assigned gt6a-6xd subtypes or with unassigned gt6 variants which were collected from some south Asian countries. 23, 29 Similar to the results with NS5B, the E1 sequences demonstrated a trend and formed four specific groups (groups I, II, III and IV) although the bootstrap values of groups I and II were lower than 70%. Full-length viral genome sequencing is required to confirm the diversity of these two groups in a future study. The sequences from the couple (strains 282 and 305) that were divergent in the NS5B region also clustered with different groups in the E1 region.
| Characterization of highly divergent Baisha
HCV viral strains
In order to determine whether or not the high sequence divergence observed for samples 282 and 305 was the consequence of a complex mixture of multiple infections, the E1 amplified product was cloned and 50 clones from each sample were sequenced and phylogenetically analysed ( Figure S1 ). Strain 409 was cloned and similarly sequenced as a control. Within each sample tested, the cloned sequences were closely related, with a sequence homology of 99%-100% for sample 282, 95%-100% for 305 and 98%-99% for 409. Phylogenetic analysis showed that the cloned sequences for each isolate clustered together and with the corresponding PCRderived sequence ( Figure S1 ). When the cloned sequences were included in the E1 phylogenetic analysis, the topology and bootstrap values were similar to those obtained with the PCR-derived consensus sequences (data not shown). These data confirmed the genomic divergence of the strains from samples 282 and 305, indicating that this couple had been independently infected and sexual transmission can be excluded.
| D ISCUSS I ON
In the current study, high HCV prevalence (7.0%-9.1%), high spontaneous clearance rates (42.7%-52.6%) and a broad gt6 diversity were observed in Baisha County, which is remarkably different from that observed in other regions. The specific epidemiology resulting in such high divergence is unknown but may be indicative of transmission trends or specific HCV evolution.
The prevalence of HCV in the Li minority of Baisha County in our study was between 7.0% and 9.1%, which is higher than pre- 
F I G U R E 1
The estimated maximum likelihood phylogeny for 58 Baisha Li minority NS5B sequences. Sequences determined in this study are shown in solid green circle. Solid yellow circle represents unassigned hepatitis C virus (HCV) gt6 references which were collected from China, and unassigned reference sequences from other south Asian countries except China are indicated by solid red circle. Other reference sequences which were named by subtype and accession number represent assigned HCV gt1-gt7
for the varied HCV prevalence between studies was the testing procedures used, that is utilizing one or two ELISA screening assays, and whether a confirmatory assay (RIBA) was applied. For example, the 0.43% positive rate was based on the utilization of two ELISA screening assays plus RIBA, 1 whereas the 3.0% prevalence in Jilin Province was based on two ELISA screening assays only. 3 In our study, after performing two independent ELISA screening assays, we further employed a highly specific RIBA assay to exclude false-positive reactions from the ELISA screen- old, and the prevalence rate in this age group was 16.4% to 21.6%.
Of the five infected individuals whose age was <60 years old, four sequences (BSY159, BSY517, BSM217 and BSM694) had a scattered distribution among the elder age sequences ( Figures 1   and 2) ; the fifth was HCV RNA (-) and no viral sequences were obtained from PCR amplification. Both univariate chi-square and multiple logistic regression analysis showed that age ≥60 years old was strongly associated with anti-HCV positivity. We speculate that perhaps specific lifestyle behaviours or poor medical practices in the past led to HCV transmission in the Li ethnic group from Baisha County. Furthermore, surgery was an important risk factor for HCV infection both by univariate chi-square and multiple logistic regression analysis, probably due to the use of unsterile devices, as demonstrated in previous studies.
35,36
Another important risk factor was tattooing based on the results from the univariate chi-square between HCV infection prevalence in tattooed verses nontattooed persons (Tables 3 and 4) . Unsafe practices could have exposed individuals to contaminated tattooing tools because of a lack of awareness of infection control practices, lack of sterilization equipment, not purchasing disposable tattoo tools and so forth. There is evidence that tattooing is a route for HCV transmission. 37, 38 The Li minority of Baisha County has reportedly had less contact with individuals from other ethnic groups, and tattooing as a custom persists throughout their life, 41, 43, 44, 47 However, three other studies, including US injection drug users, US blood donors and the Italian general population, also found no significant association of HCV clearance with gender. 48 One possible interpretation for these differing results is that the association with gender may be confounded by tattooing, the probable route of HCV transmission in Baisha County, which is practised significantly more in females than males as discussed above. In addition, the genotype 6 strains from our study may differ in this respect compared to the genotypes that predominate in other studies that have evidence linking gender and clearance rates. According to reports, the different HCV spontaneous clearance rates might be related to host and/or viral factors. Host factors include humoral and cellular immune responses. In this study, only the humoral response was examined, particularly in
The estimated maximum likelihood phylogeny for 55 Baisha Li minority E1 sequences. Sequences determined in this study are shown in solid green circle. Solid yellow circles represent unassigned hepatitis C virus (HCV) gt6 references which were collected from China, and unassigned reference sequences from other south Asian countries except China are indicated by solid red circle. Other reference sequences which were named by subtype and accession number represent assigned HCV gt1-7 the reactivity to individual viral proteins. From the data collected here, the anti-core reactivity seemed to persist, while the anti-NS5 reactivity appeared to be short-lived. It has been reported that reactivity to core protein may represent either nonspecific reactivity or resolved infection with antibodies to other HCV proteins that are no longer reactive. In addition, NS3 and core antibodies are the last two remaining reactive proteins in cases of seroconversion.
49
There is a geographical distribution of the HCV genotypes The reason for this discrepancy could be the distinct geographical location of Li and Han populations or a lack of interaction between the groups. In previous studies, samples were collected from the Han population of Haikou city, a modern city. Samples in our study were collected from Baisha County, a remote community, most of whom are of the Li minority. We concluded that the broad diversity of gt6 is a likely characteristic of HCV infection in the Li minority group of Baisha County. One possible biological interpretation for this tree topology (Figures 1 and 2) F I G U R E 3 The location of Hainan Island in China and the hepatitis C virus (HCV) genotype distribution in previous studies. The Li minority population reside in the central southern mountainous region (colours), whereas the Han ethnic population occupy the northern coastal region (blank)
is that most of the variants have evolved over time rather than a recent introduction into Baisha County. Further support for this hypothesis is that most of the HCV variants were isolated from elderly (≥60 years) individuals with limited exposure to HCV transmission routes outside their own community. A similar endemic spread seems to have occurred in Ghana, West Africa with gt2. 54 However, there are no evolutionary data to support this hypothesis in our current analysis. Another possible reason is that some isolates were transmitted from Guangdong Province, as KC844040 was the closet sequence from group IV.
To test these two hypotheses, comprehensive evolutionary and diversity analyses will be required in a future study. Moreover, full-length genome sequencing will be required to provide more detailed sequence information and meet the requirement of new subtype designation according to the HCV nomenclature criteria of ICTV. 27 In summary, HCV is common in a rural Li ethnic minority community among its older residents (≥60 years), demonstrating a birth cohort effect. Moreover, the anti-HCV confirmatory assay revealed a high rate of spontaneous HCV clearance and infection in the Baisha Li minority group. HCV infection within the community is characterized by the predominance of gt6, with broad genetic diversity that potentially contains new subtypes for this genotype.
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